Background. Orthognathic surgery leads to alteration of the spatial relationship of the mandible and maxilla resulting changes in the degree of facial projection. Traditional 2-dimensional cephalometry and photographic techniques do not provide data on facial depth. Though stereophotogrammetry can be used as a noninvasive method for evaluating facial depth, the unavailability of ethnicity-specific norms hinder its routine use in clinical practice. The objectives of this study were to (a) generate an analytic scheme suitable for evaluating facial depth using stereophotogrammetry and (b) create normative data for the facial depth measurements for young Hong Kong Chinese adults. Methods. Stereophotographic images from 41 male and 45 female ethnic Chinese young adults without facial deformities were analyzed. Facial depth measurements were performed based on standard anthropometric landmarks, with the aid of 3dMDVultus software. Results. All facial depth measurements were found in absolute terms to be significantly higher in males. In contrast, the upper face, maxillary, and sublabial depth indices were significantly higher in females, whereas no significant gender differences emerged for lower facial and maxillomandibular indices. Conclusions. A novel method of using stereophotographic images for quantifying facial depth was evaluated. Normative facial depth measurements for young Hong Kong Chinese adults were established. This gender-specific database can be used as a reference in the diagnosis, treatment planning, or evaluation of outcomes after surgical correction of facial deformities.
Introduction
The face is distinctive in terms of its prominent location and anatomical complexity. 1 Even though restricted to a relatively confined space, this region plays a vital role in interpersonal communication, mastication, deglutition, and respiration. It conveys information about a person's age, gender, race, emotions, general well-being, and even personality traits. 1, 2 Aesthetic, functional, and psychosocial factors need to be taken into account when performing surgical and nonsurgical interventions in the maxillofacial region.
Orthognathic surgery leads to alteration of the spatial relationship of the mandible and maxilla resulting changes in the degree of facial projection. The literature is replete with studies using lateral cephalometry and photography for the characterization of facial morphology. 3, 4 Although these techniques permit assessment of the profile and frontal views, they do not reveal information about the facial depth. In addition, humans are used to view themselves in the mirror as a 3-dimensional (3D) object, which gives an indication of the facial depth. When discussing treatment options with patients, it is quite difficult to convey information on changes in the facial projection with traditional 2D imaging.
Karel Hajniš 5 was the first to record point to point facial depth measurements based on traditional manual anthropometric techniques. These measurements were recorded directly from living subjects using calipers. The left tragus was used as the reference from which linear distances were measured to the nasion, subnasale, and gnathion. With the evolution of anthropometric techniques several other facial depths were added to the battery of measurements. However, the conventional manual anthropometry is a time-consuming technique and requires direct contact with the subject. This may be difficult to measure in small children or other individuals who are unwilling to cooperate with operators of a different gender because of cultural or religious reasons.
With the advent of stereophotography, it is now possible to acquire a resolute 3D image of the face. 6 The stereophotographic systems use several pairs of identical cameras for acquiring 3D surface data with natural color and texture. Some commercial systems are capable of 180° facial capture or more in less than 2 ms. 7 Digital anthropometric measurements can be performed on these 3D images using specialized software. 8 Stereophotogrammetry can be used as a noninvasive technique for performing facial depth measurements. Several proportions describing the projective characteristics of the face can be calculated based on such measurements. Nevertheless, unavailability of race-specific norms for facial depth measurements prevents the routine use of such techniques when evaluating dismorphic faces or their changes following surgical or nonsurgical interventions such as orthodontic treatment. At the moment facial depth data for young Hong Kong Chinese adults are unavailable in the literature. Therefore, the objectives of this study were to (a) generate an analysis scheme suitable for evaluating facial depth using stereophotogrammetry and (b) create normative facial depth measurements for young adults of Chinese ethnicity in Hong Kong.
Materials and Methods Subjects
Stereophotographic images obtained from 41 males and 45 females meeting the following criteria were used for this study: Excluded were all individuals with gross facial deformities, facial asymmetries, severe bimaxillary protrusions, incompetent lip closure, and those with a history of previous facial trauma, orthognathic and/or plastic surgery, and orthodontic treatment. This study was approved by the institutional review board of The University of Hong Kong/Hospital Authority Hong Kong West Cluster (Protocol No. UW 12-066).
The minimum sample size for each gender was calculated according to the procedures outlined by the International Organization for Standardization (ISO) on "General Requirements for Establishing Anthropometric Databases." 9 This ISO standard uses the following formula for calculating the sample size:
. , CV where 1.96 is the critical value (z value) for a 95 % confidence interval, CV is the coefficient of variation (= SD/ mean × 100%), and a is the percentage of relative accuracy desired.
The CV for the right maxillary depth (sn-t) from Farkas et al 10 was used as the parameter of interest with desired level of accuracy set at 2%. Thus the minimum sample size required according to the above equation for males and females would be 28 and 35, respectively.
Image Acquisition
The 3D facial photographs were acquired with the 3dMDface stereophotography system (3dMD, Atlanta, GA). This system has been validated in terms of its accuracy and reliability. 11, 12 The subjects were seated in a chair placed at a set distance from the cameras while looking at a mirror placed in front of them. Participants were required to wear a surgical cap in order to cover their hair, but both ears were left exposed.
Measurement Technique
A set of anthropometric landmarks for this study were selected based on Farkas and Munro 13, 14 and Kolar and Slater. 15 The landmarks tragion, gnathion, and chelion were redefined to suit stereophotogrammetry according to Wong et al 16 (Table 1) .
Landmark identification and all measurements were performed by a single investigator (YSNJ) who has been trained and calibrated by an expert in craniofacial anthropometry (CKD). The acquired images were loaded to 3dMDVultus software (3dMD, Atlanta, GA). Following the identification of landmarks (Figure 1 ), the analysis template was activated facilitating automatic calculation of linear measurements. These measurements were then saved as Excel spread sheets (Microsoft, Redmond, WA) for further statistical analysis using SPSS (see below).
Error Analysis
Randomly selected sample of 11 images were remeasured under the same conditions at least 3 weeks after the initial measurement session. The technical error of measurement (TEM) was calculated using Dahlberg's formula. 18
where d is the difference between measurements and n is the number of measurements.
Statistical Analysis
The linear measurements between landmarks were averaged and standard deviations were calculated. The 2-sample Student's t test was applied to determine any significant differences between males and females for each measurement. The paired t test was used to compare bilateral measurements from the left and right face. These statistical tests were performed using IBM SPSS statistics version 20 (IBM, New York, NY).
Results
No significant differences were found in relation to the average age of male (23.59 ± 2.59 years) and female (23.36 ± 3.50 years) subjects. The TEM ranged between 0.80 and 1.29 mm for the majority of measurements, except for right and left lower face depths (t-gn), which were 1.75 and 1.54 mm, respectively. All facial depth measurements were significantly larger in males ( Table 2 ). In relation to bilateral measurements for each facial depth, the difference between right and left counterparts were not statistically significant except supraorbital (t-g) and upper facial depth (t-n) in both genders. The upper facial, maxillary, and sublabial depth indices were significantly higher in females whereas no significant gender differences were found for lower face and maxillomandibular depth indices (Table 3 ).
Discussion
The depth measurements operationally define the degree of facial projection. To the authors' knowledge, this is the first study to document facial depths using stereophotogrammetry. Though these norms were derived for Hong Kong Chinese, this data set could provide reference values in other parts of Southern China as the inhabitants share a common "Han" ancestry. 19 Furthermore, these norms could be of value for clinicians in countries outside of China that have many Southern Chinese descendants.
The data generated from this study may be useful when planning orthognathic surgery and evaluating postsurgical changes in adults with facial deformities. Ideally, surgery should aim to create a facial appearance matching the population mean of the corresponding age, gender, and ethnicity. Furthermore, knowledge of these key facial depth measurements could be of value when deciding the type and extent of surgery. Normal measurements could be used as indicators of the appropriate amount of change needed to correct facial disproportions. In addition, facial depth measurements and proportions proposed in this study could be used to compare pre-and postoperative 3D images. The surgical outcome can be quantified to determine if a marked reduction in the degree of abnormality has been achieved. 11 We also calculated some of the facial indices reported by Farkas and Munro 14 . However, it was necessary to modify some of the traditional nomenclature in order to facilitate articulation. For example, the traditional "skull base width-middle third face depth index" was substituted with the term maxillary depth index (t-t/t-sn-t × 100). The sublabial depth, sublaibial depth index, and maxillomandibular index, which were not part of the traditional manual anthropometric analysis scheme, were introduced to specifically address dentofacial deformities. Proportional depth indices such as upper face (t-t/t-n-t × 100), maxillary (t-t/t-sn-t × 100), sublabial (t-t/t-sl-t × 100), and lower face (t-t/tgn-t × 100) depict the degree of facial projection. For example, if the upper facial depth (t-n) were reduced, the t-n-t distance would also decrease and, as a result, its ratio to the bitragal width (ie, the upper face depth index) would increase. Thus, an increase in these indices indicates a flat or "dish" face.
The maxillomandibular index proposed here could be useful in the assessment of the morphologic relationship between the maxilla and mandible. The midline soft tissue landmarks subnasale and sublabiale used in this index are within close proximity to their ceplametric hard tissue counterparts A and B points. As the triangle t-sn-t and t-sl-t encompassed by these landmarks gives an indication about the relative size of the maxilla and mandible, respectively. Thus, a higher maxillomandibular index (t-snt/t-sl-t) would indicate mandibular retrognathism, whereas a lower index could be expected in mandibular prognathism or maxillary hypoplasia.
The landmark tragion is sometimes obscured in 3D images. Therefore, identifying the tragion, which is a base landmark for facial depths, becomes problematic. Such images were excluded from this study as masking prevents the accurate calculation of facial depth measurements.
As the next stage of this project, we plan to evaluate these facial depth measurements and indices in different deformity types.
Conclusion
A novel method of using stereophotographic images for quantifying facial depth is described here. Normative facial depth measurements for young adults of Chinese ethnicity in Hong Kong were established. All facial depth measurements were significantly higher in male participants. The upper face, maxillary, and sublabial depth indices were significantly higher in females, whereas no significant gender differences were found for lower face and maxillomandibular depth indices. The gender-specific normative data presented in this study can be used as references for diagnosis, preoperative treatment planning, or evaluation of postoperative treatment outcomes following the correction of facial dysmorphology. 
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